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SUMMARY 
T h i s  r e p o r t  d e s c r i b e s  an e x p e r i m e n t a l  i n v e s t i g a t i o n  c o n d u c t e d  by Mar t in  
Marietta Corpora t ion  t o  measu re  the  r ad ia t ion  emana t ing  f rom gas  mix tu res  wh ich  
are p r e s u m e d   t o   c o n s t i t u t e   t h e   M a r t i a n   a t m o s p h e r e .   L i m i t e d   a n a l y s e s   a n d   e x p e r i -  
m e n t a l  o b s e r v a t i o n s  h a v e  l e d  t o  t h e  w i d e l y  r e c o g n i z e d  f a c t  t h a t  C 0 2 ,  N 2 ,  A 
m i x t u r e s  r a d i a t e  a n  o r d e r  o f  m a g n i t u d e  more s t r o n g l y  t h a n  a i r  i n  t h e  v e l o c i t y  
range  of  4 t o  5 k m / s e c .   E x t r a p o l a t i o n   o f   t h e   e x i s t i n g   n o n e q u i l i b r i u m   r a d i a t i o n  
d a t a ,  r e c o r d e d  a t  v e l o c i t i e s  a b o v e  6 k m / s e c ,  c a n  r e s u l t  i n  s e r i o u s  a n o m a l i e s ,  
depending upon what data are used and how t h e y  are e x t r a p o l a t e d .  
Mar t in  Marietta's high-performance shock tube w a s  u sed  to  gene ra t e  no rma l  
s h o c k  w a v e s  o f  v a r i o u s  s t r e n g t h s  i n  t h r e e  d i f f e r e n t  m i x t u r e s  o f  C 0 2 ,  N 2 ,  and A.  
The a b s o l u t e  r a d i a t i v e  i n t e n s i t y  b e h i n d  t h e  s h o c k  f r o n t  was measured over  the 
wavelength range from 0.25 t o  5.00 1-1 f o r  e a c h  g a s  m i x t u r e / s h o c k  v e l o c i t y  com- 
b i n a t i o n .  The m e a s u r e d  e q u i l i b r i u m  r a d i a t i o n  i s  p r e s e n t e d  f o r  e a c h  series o f  
tes t  c o n d i t i o n s  a n d  t h e  p r o b a b l e  s o u r c e  o f  t h e  o b s e r v e d  r a d i a t i o n  is i d e n t i f i e d .  
N o n e q u i l i b r i u m  r a d i a t i o n  levels are p r e s e n t e d  as r a t i o s  o f  p e a k  o v e r s h o o t  i n -  
t e n s i t i e s  t o  c o r r e s p o n d i n g  e q u i l i b r i u m  i n t e n s i t i e s .  
T e s t  gas  mix tu res  con ta in ing  a rgon  show an  unusual  second nonequi l ibr ium 
overshoot ,   which  i s  a s s o c i a t e d   w i t h   t h e   d e l a y e d   a r g o n   r e l a x a t i o n   p r o c e s s .   I n  
g e n e r a l ,  t h e  p e a k  n o n e q u i l i b r i u m  o v e r s h o o t s  are no l a r g e r  t h a n  two times t h e  
co r re spond ing   equ i l ib r ium  va lues .   In   mos t  cases, t h e   l a r g e   n o n e q u i l i b r i u m  
ove r shoo t  occur s  a t  a p o r t i o n  o f  t h e  s p e c t r u m  w h e r e  t h e  e q u i l i b r i u m  r a d i a t i o n  
is a l r eady  ve ry  low.  
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INTRODUCTION 
When e x i s t i n g  d a t a  o n  t h e  n o n e q u i l i b r i u m  r a d i a t i o n  of Mars-like gas mix tu res  
i n  t h e  v e l o c i t y  r a n g e  6 t o  10 km/sec are e x t r a p o l a t e d  t o  v e l o c i t i e s  a p p r o p r i a t e  
f o r  a Mars o r b i t a l  e n t r y  ( 4  t o  5 km/sec ) ,   s e r ious   anomal i e s  can r e s u l t .  Depend- 
i n g  o n  w h a t  d a t a  are used and how t h e y  are e x t r a p o l a t e d ,  t h e  relative impor tance  
of t h e  n o n e q u i l i b r i u m  r a d i a t i o n  g o e s  f r o m  n e g l i g i b l e  t o  d o m i n a n t .  The purpose  
of t h e  p r e s e n t  i n v e s t i g a t i o n  i s  t o  e l i m i n a t e  some of t h i s  u n c e r t a i n t y  t h r o u g h  
t h e  m e a s u r e m e n t  o f  t h e  e q u i l i b r i u m  a n d  n o n e q u i l i b r i u m  s p e c t r a l  r a d i a t i o n  b e h i n d  
a normal shock wave i n  t h r e e  d i f f e r e n t  g a s  m i x t u r e s  o f  C 0 2 ,  N2, and A ,  c o r r e s -  
p o n d i n g  t o  c u r r e n t  estimates o f  t he  a tmosphe r i c  compos i t ion  of Mars. 
An e a r l y  s t u d y  w h i c h  p o i n t e d  o u t  t h e  p o s s i b i l i t y  o f  t h e  i m p o r t a n c e  o f  r a d i -  
a t i o n  h e a t  t r a n s f e r  i n  s h o c k e d  C 0 2 ,  N2 mix tu res  was presented by Boobar and 
F o s t e r   ( r e f .   1 ) .   U s i n g   a n a l y t i c a l   t e c h n i q u e s ,   t h e y   s t u d i e d   t h e   e q u i l i b r i u m  
p r o p e r t i e s  o f  s h o c k e d  p l a n e t a r y  a t m o s p h e r e s  a n d  f o u n d  t h a t  t h e  g a s  r a d i a t i o n .  
was much s t r o n g e r  t h a n  t h e  r a d i a t i o n  f r o m  a i r  a t  e q u i v a l e n t  f l i g h t  c o n d i t i o n s .  
The p r i n c i p a l  s o u r c e  o f  t h i s  r a d i a t i o n  was t h e  CN v i o l e t  band system. 
James ( r e f .  2 ) ,  i n  a n  e a r l y  e x p e r i m e n t a l  s t u d y  u s i n g  a b a l l i s t i c  r a n g e ,  
m e a s u r e d  t h e  r a d i a n t  i n t e n s i t y  f r o m  t h e  g a s e s  i n  t h e  s h o c k  l a y e r  o f  small pro- 
j ec t i l e s  f o r  s e v e r a l  c o m p o s i t i o n s  a n d  d e d u c e d  t h a t  t h e  CN v i o l e t  s y s t e m  was i n -  
deed the dominant  emitter f o r  C02 l e a n  m i x t u r e s  i n  t h e  s p e c t r a l  r a n g e  b e t w e e n  
0 .2  and  1.0 p .  These r e s u l t s  a l s o  p r e s e n t e d  a f i r s t  i n d i c a t i o n  o f  t h e  p o s s i b l e  
i m p o r t a n c e  o f  t h e  n o n e q u i l i b r i u m  r a d i a t i o n ,  b u t  no q u a n t i t a t i v e  r e s u l t s  were 
p resen ted .  
Ear ly  shock  tube  exper iments  were p e r f o r m e d  b y  F a i r b a i r n  ( r e f .  3 1 ,  Grusz- 
czynski  and  Warren (ref. 4 )  , and Thomas and  Menard (ref. 5 ) .  Fa i rba i rn   worked  
i n  t h e  r e f l e c t e d  s h o c k  r e g i o n ,  a n d  t h e r e f o r e  d e a l t  o n l y  w i t h  e q u i l i b r i u m  r a d i a -  
t i o n .  H i s  de t a i l ed   spec t r a l   measu remen t s   con f i rmed   t he   dominance   o f   t he  CN r e d  
a n d  v i o l e t  s y s t e m s  a t  8000°K. Other  bands  found were N2+ (1-1 Y N 2 ( 2 + )  , and C 2  
(Swan) ,   bu t   these  were r e l a t i v e l y  weak.  These r e s u l t s  were a g a i n  r e s t r i c t e d  t o  
the  range  between  0.23  and  1.2 1-1. Gruszczynski   and  Warren  presented a l a r g e  
amount  of r a d i a t i o n  d a t a  f o r  v e l o c i t i e s  g r e a t e r  t h a n  30 000 f p s ,  w h i c h  a r e  t o o  
h i g h  f o r  a p p l i c a t i o n  t o  Mars e n t r y  s t u d i e s .  Thomas and  Menard g a t h e r e d  d a t a  f o r  
s e v e r a l  m i x t u r e s  o v e r  a l a r g e  r a n g e  o f  v e l o c i t i e s  i n  a s i m i l a r  s p e c t r a l  r e g i m e  
b y  m e a s u r i n g  t h e  t o t a l  r a d i a t i o n  f l u x  f r o m  t h e  s h o c k  l a y e r  o f  a small s t a t i o n a r y  
model  mounted in   t he   shock   t ube .   These   expe r imen t s   aga in  showed the  dominance 
o f   t he  CN v i o l e t  s y s t e m  a t  v e l o c i t i e s  o f  a b o u t  25 000 f p s .  I n  a d d i t i o n ,  t h e y  
p r e s e n t e d  t h e  f i r s t  q u a n t i t a t i v e  v a l u e s  o f  t h e  n o n e q u i l i b r i u m  h e a t  t r a n s f e r  i n  
9% and 30% C 0 2  mix tu res  a t  25 000 fps .   These  were 55  and  93 W/cm2 , r e s p e c t i v e l y  
-- l o a d s  t h a t  a r e  v e r y  l a r g e  when  compared t o  t h e  c o r r e s p o n d i n g  c o n d i t i o n s  f o r  
a i r .  During  these  shock  tube  experiments ,  a small amount  of  data w a s  g a t h e r e d  
f o r  t h e  r a d i a t i v e  p r o p e r t i e s  o f  s h o c k e d  1 0 0 %  C 0 2 .  S i n c e  t h i s  r a d i a t i o n  was  weak 
compared t o  t h e  C 0 2  l e a n  m i x t u r e s  i n  t h e  s p e c t r a l  r e g i m e  c o n s i d e r e d ,  i t  was n o t  
f u l l y  i n v e s t i g a t e d .  
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Arnold,   Reis,   and Woodward ( r e f .  6 )  conducted more r e f i n e d   e x p e r i m e n t s   u s i n g  
a b a l l i s t i c  r a n g e .  F u r t h e r  e v i d e n c e  was o b t a i n e d  t h a t  t h e  CN v i o l e t  s y s t e m  was 
d o m i n a n t ,  a n d  t h e  v a r i a t i o n  o f  t h e  n o n e q u i l i b r i u m  h e a t ,  t r a n s f e r  w i t h  v e l o c i t y  
was found. A compar i son   o f   t hese   r e su l t s   and   t he   shock   t ube   r e su l t s  o f  Thomas 
and Menard ( r e f .  5) shows  apparent   agreement   for   the  9% C02 m i x t u r e  a t  25 000 
f p s ,   b u t   s h o w s  a f a c t o r  o f  t h r e e  d i s a g r e e m e n t  f o r  t h e  30% CO, mixture.   Even 
th is   modes t   agreement  may b e   f o r t u i t o u s ,  as c o n f l i c t i n g   v a l u e s  of Doo, t h e  
e n e r g y  o f  d i s s o c i a t i o n  o f  CN, can be deduced from the two sets o f  r e s u l t s .  
The n o n e q u i l i b r i u m  d a t a  f r o m  Thomas and  Menard ( r e f .  5) are n o t  d i r e c t l y  
comparab le   t o   t hose   o f   Arno ld ,  Reis, and Woodward ( r e f .  6 ) .  The Thomas and 
Menard e q u i l i b r i u m  d a t a  r e s u l t e d  i n  a Doo of  7 . 7  e V ,  wh i l e   t he   Arno ld  e t  aZ. 
e q u i l i b r i u m   d a t a  as quoted  by Reis had D = 8 . 2  e V .  A t  7 .5  km/sec ,   the  cal- 
c u l a t e d  e q u i l i b r i u m  r a d i a t i o n  i n t e n s i t y  i n c r e a s e s  b y  a f a c t o r  o f  t h r e e  i n  g o i n g  
from 7 . 7  t o  8 .2  e V .  Rumpel and  Deacon  (ref.   7)  have  concluded a v a l u e   o f  D 0 = 
7.9 eV a f t e r   r e v i e w i n g   t h e   e x p e r i m e n t a l   r e s u l t s   f r o m  many s o u r c e s .  More r e c e n t  
e x p e r i m e n t a l   d a t a  by Reis ( r e f .  8) and   Gruszczynski   ( re f .  9) s u g g e s t  a v a l u e  o f  
8 .1  t o  8 . 2  e V .  T h u s ,   t h e   t h e o r e t i c a l   p r o j e c t i o n   o f   e x p e r i m e n t a l   d a t a  a t  7.5 km/ 
sec could  have INE v a r y i n g   f r o m   1 0   t o  300 W / c m 2 ,  compared t o   c o n v e c t i v e   h e a t i n g  
rates between 10  t o  1 0 0  W/cm2 f o r  v e l o c i t i e s  b e t w e e n  4.0  and   5 .2   km/sec .   In   o the r  
w o r d s ,  a n a l y t i c a l  p r o j e c t i o n s  o f  e x i s t i n g  d a t a  r e s u l t  i n  s e r i o u s  a n o m a l i e s ,  a n d  
t h e  e x t r a p o l a t i o n  t o  Mars e n t r y  c o n d i t i o n s  i s  h i g h l y  q u e s t i o n a b l e .  
0 
0 
A r e c e n t  a t t e m p t  t o  g a i n  b e t t e r  u n d e r s t a n d i n g  o f  t h e  c h e m i c a l  k i n e t i c s  o f  
C 0 2 ,  N2 m i x t u r e s  was r e p o r t e d  by McKenzie  and  Arnold ( r e f .   10 ) .   Us ing  a combined 
t h e o r e t i c a l  a n d  e x p e r i m e n t a l  a p p r o a c h ,  t h e y  were a b l e  t o  p r o d u c e  a r e a s o n a b l e  
k i n e t i c  model f o r  p r e d i c t i n g  t h e  CN v i o l e t  s i g n a t u r e  t h r o u g h  t h e  n o n e q u i l i b r i u m  
zone  behind  shock  waves  moving a t  v e l o c i t i e s   a b o v e  20 000 f p s .  However,  theory 
and  exper iment  d id  not  agree  a t  l o w e r  v e l o c i t i e s ,  and  the  ac tua l  peak  CN v i o l e t  
i n t e n s i t y  w a s  less t h a n   p r e d i c t e d .  I t  i s  u n f o r t u n a t e  t h a t  t h i s  work was n o t  re- 
duced  to  a n o n e q u i l i b r i u m  h e a t  t r a n s f e r  ra te  so  t h a t  some i n d i c a t i o n  o f  t h e  s o l u -  
t i o n  o f  t h e  d i s c r e p a n c y  c o u l d  b e  d e t e r m i n e d .  The  most r e c e n t  work  which  has ap- 
p e a r e d  i n  t h e  l i t e r a t u r e  i s  a s h o r t  a r t i c l e  by Menees  and  McKenzie ( r e f .  l l ) ,  i n  
which they were a b l e  t o  p r e d i c t  t h e  CN v i o l e t  s i g n a t u r e  a t  h i g h  v e l o c i t i e s  w i t h -  
o u t  g o i n g  t o  t h e  c o m p l e x i t y  o f  s p e c i f i c  c o l l i s i o n  p a r t n e r s .  
From the  above  d i scuss ion  o f  t he  ava i l ab le  work  done  on  the  nonequ i l ib r ium 
f low behind  the  shock  waves i n  CO2, N 2  m i x t u r e s ,  i t  i s  a p p a r e n t  t h a t  a v a i l a b l e  
knowledge i s  n o t  a d e q u a t e  t o  c o n f i d e n t l y  d e s i g n  Mars e n t r y  v e h i c l e s .  A l l  o f   t h e  
a v a i l a b l e  d a t a  are dominated by the CN v io l e t  band  sys t em,  pe rhaps  because  o f  
t h e  l i m i t e d  s p e c t r a l  r e g i m e  c o n s i d e r e d  o r  p e r h a p s  b e c a u s e  h i g h  v e l o c i t i e s  h a v e  
r e c e i v e d   t h e   m o s t   a t t e n t i o n .   I n   t h e   p r e s e n t   w o r k ,   t h e  test condi t ions   have   been  
s e l e c t e d  t o  g i v e  t h e  r a d i a t i o n  d a t a  r e q u i r e d  t o  make h e a t  t r a n s f e r  p r e d i c t i o n s  
f o r  a Mars o r b i t a l  e n t r y  v e h i c l e .  
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SHOCK TUBE FACILITY 
Mar t in  Marietta C o r p o r a t i o n  c o n s t r u c t e d  a pressure-dr iven ,  buf fered ,  chambered  
s h o c k  t u b e  ( f i g .  1 )  t o  s t u d y  p r o b l e m s  i n  gas  phys ic s  and  rea l  gas  dynamics  asso- 
c i a t e d  w i t h  t h e  e n t r y  o f  s p a c e  v e h i c l e s  i n t o  t h e  a t m o s p h e r e  o f  E a r t h  o r  a n y  o t h e r  
p l a n e t .   S e v e r a l   a d v a n t a g e s  are a s s o c i a t e d   w i t h   t h i s   t u b e   c o n f i g u r a t i o n .  The 
d i a m e t e r  o f  t h e  b u f f e r  is t h e  same as t h a t  o f  t h e  d r i v e r ,  a n d  t h e  area con t r ac -  
t i o n  i s  b e t w e e n  t h e  b u f f e r  a n d  t h e  d r i v e n  s e c t i o n s ;  t h i s  a l l o w s  s h o c k  Mach num- 
ber  per formance  to  approach  tha t  of  combust ion-dr iven  tubes  wi thout  encounter ing  
c e r t a i n   o f   t h e   o p e r a t i o n a l   d i f f i c u l t i e s   o f   c o m b u s t i o n   d r i v e r s .  Optimum p e r f o r -  
mance i s  o b t a i n e d  when hydrogen i s  used as t h e  d r i v e r  g a s  and a low-molecular- 
w e i g h t  g a s  ( h e l i u m  o r  n i t r o g e n )  i s  u s e d  i n  t h e  b u f f e r .  
The d r i v e r  a n d  b u f f e r  s e c t i o n s  of t h e  t u b e  are o f  s t anda rd  seamless, hot-  
drawn,  mild s t e e l  t u b i n g   w i t h   a n   i n s i d e   d i a m e t e r   o f   1 0 - 1 / 8   i n .  The d r i v e r  i s  
3 f t  l o n g   a n d   t h e   b u f f e r  i s  1 0  f t  l o n g .  Each   has   forged  s t ee l  f l anges   s c rewed  
t o  i t s  ends.  A weld a t  t h e  b a c k  o f  e a c h  f l a n g e  s e r v e s  as a p r e s s u r e  a n d  vacuum 
seal .  Each s e c t i o n  i s  s e p a r a t e d  by a d iaphragm  and   sea led   wi th   O-r ing  seals.  
The d r i v e n  s e c t i o n ,  made of  4- in . - ins ide  d iameter  and  5- in . -outs ide  d iameter  
hot-drawn, seamless, m i l d - s t e e l   t u b i n g ,   c o n s i s t s   o f  two 6 - f t   l e n g t h s ,  a 3-f t  
l ength ,   and   an   18- in .  t e s t  sec t ion .   These  are m a c h i n e d   t o   a c c u r a t e   i n t e r n a l  
diameter   and  honed  to  a 1 6 - p i n .  f i n i s h .  
The test  s e c t i o n  i s  equipped  wi th  a p a i r  o f  c e n t r a l l y  l o c a t e d ,  d i a m e t r i c a l l y  
opposed   3 /8- in . -d iameter   sapphi re   windows.   Three   addi t iona l   por t s  are  p rov ided  
a c r o s s  t h e  test s e c t i o n  f o r  m e a s u r i n g  s h o c k  v e l o c i t y .  
Downst ream  of   the   d r iven   tube ,   the   f low i s  dumped i n t o  a 15-f t - longY  20-in.-  
d i a m e t e r  t a n k ,  o r ,  i f  i t  i s  d e s i r e d  t o  s t u d y  c o n d i t i o n s  b e h i n d  a r e f l e c t e d  s h o c k ,  
a h e a v y   e n d   p l a t e   c a n   b e   b o l t e d   t o   t h e   f i n a l   d r i v e n   t u b e   f l a n g e .  To f a c i l i t a t e  
d iaphragm changes ,  the  heavy buf fer  sec t ion  i s  r i g i d l y  mounted  on a s u p p o r t  
t a b l e  a n d  t h e  d r i v e r  a n d  d r i v e n  s e c t i o n s  are mounted  on r o l l e r s .  
EXPERIMENTAL TECHNIQUE 
Load ing  the  Dr i ven  Tube 
The dr iven  tube  and  dump t a n k  are evacua ted  t o  a p r e s s u r e  n o t  e x c e e d i n g  5 p 
of  mercury.   Then  the  leak ra te  i s  checked,   and  the maximum a c c e p t a b l e   p r e s s u r e  
i n c r e a s e  i s  t aken  as 1 of Hg i n  5 minutes .   Next ,   the  t e s t  s e c t i o n  i s  purged 
w i t h  test g a s ,  r e e v a c u a t e d ,  a n d  f i n a l l y  c h a r g e d  t o  t h e  d e s i r e d  i n i t i a l  p r e s s u r e .  
The tube  is  f i r e d  w i t h o u t  d e l a y .  I n i t i a l  d r i v e n  t u b e  p r e s s u r e s  are measured 
w i t h  a Cenco  2200 McLeod vacuum  gauge. 
Measurement o f  Shock Speeds 
Local  shock  speed  a t  t h e  tes t  s e c t i o n  i s  measured using a pa i r  o f  h igh - re -  
s p o n s e  p i e z o e l e c t r i c  p r e s s u r e  t r a n s d u c e r s  t o  l o c a t e  t h e  s h o c k  f r o n t ,  a n d  a dual-  
beam o s c i l l o s c o p e  t o  r e c o r d  t h e  time f o r  t h e  s h o c k  t o  t r a v e l  b e t w e e n  t h e  two 
i n s t r u m e n t s  . 
Spectroscopic Survey 
Emission measurements i n  b o t h  t h e  v i s i b l e  and I R  p o r t i o n s  o f  t h e  s p e c t r u m  
were made u s i n g  t h e  s y s t e m  shown i n  f i g u r e  2.  Rad ia t ion  f rom the  ho t  gas  beh ind  
t h e  i n c i d e n t  s h o c k  i n  t h e  test  sec t ion  o f  t he  shock  tube  passes  th rough  the  
s a p p h i r e  windows  and i s  f o c u s e d  o n  t h e  e n t r a n c e  s l i t  of  each  monochromator. 
L ight  of  the  wavelength  in te rva l  under  observa t ion  emerges  f rom the  monochromator  
e x i t  s l i t  and i s  c o l l e c t e d  by a pho tomul t ip l i e r  whose  ou tpu t  i s  recorded  on  an  
o s c i l l o s c o p e .  
A comple t e  desc r ip t ion  of the  monochromator and t h e  d i f f e r e n t  p h o t o m u l t i p l i e r s  
used i n  t h i s  s t u d y  i s  g i v e n  i n  t h e  f o l l o w i n g  s e c t i o n .  
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DATA  REDUCTION  AND  CALIBRATION PROCEDURE 
D a t a   R e d u c t i o n  
The d a t a  r e d u c t i o n  p r o c e d u r e  u s e d  h e r e  f o r  d e d u c i n g  t h e  s p e c i f i c  g a s  i n t e n -  
s i ty  f rom measured  monochromator  s igna ls  i s  the same as t h a t  o u t l i n e d  by Menard 
and Thomas ( r e f .  1 2 ) .  The p o r t i o n   o f   t h e i r   a n a l y s i s   w h i c h   f o l l o w s   s e r v e s  as an 
i n t r o d u c t i o n  t o  t h e  s p e c i f i c  d e t a i l s  o f  t h e  p r e s e n t  c a l i b r a t i o n .  
A s s u m i n g   a n   o p t i c a l l y   t h i n   g a s   a n d   a n   i s o t r o p i c   r a d i a t i o n   s o u r c e ,  P t h e  
g '  
r a d i a n t  power  (W/P) t o   t h e   d e t e c t o r  a t  a s p e c i f i c   w a v e l e n g t h  X i s  g iven  as 
and  the  power  f rom the  s t anda rd  ca l ib ra t ion  source  i s  g iven  as 
where 5, i s  a combined   parameter   conta in ing  a l l  t r a n s m i s s i o n   l o s s e s ,  mono- 
c h r o m a t o r   e f f i c i e n c y ,   a n d   d e t e c t o r   s e n s i t i v i t y ,  G X  i.s t h e   s p e c i f i c   r a d i a t i o n  
i n t e n s i t y  (W/cm3-p-sr)  of t h e   g a s ,  R i s  t h e   s o l i d   a n g l e   w h e r e  A i s  t h e  
c r o s s - s e c t i o n a l  area o f  t he  f i e ld -o f -v i ew rays  as d e f i n e d  by t h e  e n t r a n c e  op- 
t i c s ,  and x is t h e   c o o r d i n a t e   a l o n g   t h e   o p t i c a l   p a t h .  N X ,  t h e   i n t e n s i t y  
(W/cm2-u-sr) o f   t he   b l ack -body   ca l ib ra t ion   sou rce ,  i s  g i v e n  i n  terms o f   t he  ab- 
s o l u t e  t e m p e r a t u r e  of  t h e  c a v i t y  by P l a n c k ' s  r a d i a t i o n  l a w :  
-1 
N X  = %(exp - 1). 
C 1  and C 2  are t h e   f i r s t  and   s econd   r ad ia t ion   cons t an t s ,   wh ich  are g iven  by 
S t a i r ,  Johns ton ,   and   Halback   ( re f .  13) as: 
C 1  = 1.19088 x W-cm2/sr; 
C 2  = 1.4380 cm-'K. 
O v e r  t h e  l i n e a r  r e s p o n s e  r a n g e  o f  t h e  p h o t o  d e t e c t o r s ,  t h e  o u t p u t  v o l t a g e  
E i s  p o r p o r t i o n a l  t o  the   input   power  P .  T h e r e f o r e ,  by t a k i n g   t h e   r a t i o   o f  
e q u a t i o n s  (1) and (2) ,  t h e  s p e c i f i c  i n t e n s i t y  e m i t t e d  by t h e   g a s  a t  a p a r t i c u -  
l a r  wavelength i s  given as 
E 
where K ,  t h e   v i e w   f a c t o r   c o e f f i c i e n t ,  i s  d e f i n e d  by 
K =  // dR  A /I/ dR - d A *  
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I 
An a n a l y t i c a l  s o l u t i o n  o f  e q u a t i o n  (5) would  be very d i f f i c u l t  f o r  t h e  p a r -  
t i cu l a r  geomet ry  used  i n  t h i s  e x p e r i m e n t ,  so  an alternative method i s  employed 
t o   d e t e r m i n e  K e x p e r i m e n t a l l y .   I n t e g r a t i o n  of e q u a t i o n  ( 2 )  o v e r   t h e   p a t h  
l e n g t h  L y i e l d s  
\ P dx = E ,  NX JjJdfi dA dx. 
C 
J O  
Then,   combining  equat ion (6) w i t h  e q u a t i o n  (l), and  once   aga in   assuming  l inear  
d e t e c t o r   r e s p o n s e ,  G A  i s  g iven  as 
) Ec dx 
0 
The i n t e g r a l  E dx i s  o b t a i n e d   e x p e r i m e n t a l l y  by  moving t h e   c a l i b r a t i o n  
s o u r c e   a l o n g   t h e   o p t i c a l   p a t h   f r o m  0 t o  L a n d   i n t e g r a t i n g  a p l o t  o f  t h e  re- 
s u l t i n g  o u t p u t s .  
L 
S e t t i n g   e q u a t i o n  ( 7 )  e q u a l  t o  e q u a t i o n  ( 4 ) ,  t h e   c o n s t a n t  K is g iven  by 
Although Ec i s  a f u n c t i o n   o f  X and x ,  K i s  on ly  a f u n c t i o n   o f   x ,  as 
can   be   seen   f rom  equat ion  ( 5 ) .  To de t e rmine  K f o r   a n y   c o n v e n i e n t   l o c a t i o n ,  
L 
such as x t h e  \ E dx  need  be  measured  only  once a t  any   des i r ed  wave- i '  
0 
C 
l e n g t h  X o .  Thus, a t  x * i '  
A f t e r  K has   been  determined as above, G X  can  be  computed  from  equation ( 4 )  
is  known as a f u n c t i o n  o f  X .  The  measurements  of 
Once Ec (xi) v s  
X are o b t a i n e d  by p l a c i n g   t h e   c a l i b r a t i o n   s o u r c e  a t  x and  measuring  the 
wave leng th   dependence   o f   t he   ou tpu t   s igna l .   The   on ly   r e s t r i c t ion   on  x i s  




centerline o f  t h e  s h o c k  t u b e ,  w h e r e  t h e  e n t r a n c e  s l i t  of  the  monochromator i s  
focused .  
Monochromators for  Infrared Survey 
The i n f r a r e d  g a s  r a d i a t i o n  b e h i n d  t h e  i n c i d e n t  s h o c k  wave was monitored by 
two Perkin-Elmer  model 98 ca lc ium  f luor ide   (CaF2)   p r i sm  monochromators .   The   ex-  
per imenta l   a r rangement   used  is shown i n  f i g u r e  2.  R a d i a t i o n   p a s s i n g   t h r o u g h  
e a c h  s a p p h i r e  e x i t  window o f  the  shock  tube  i s  c o l l e c t e d  by a n  f / 4 ,  147-mm- 
f o c a l - l e n g t h  p a r a b o l i c  m i r r o r  a n d  f o c u s e d  o n  t h e  e n t r a n c e  s l i t  o f  t h e  monochrom- 
a t o r .  
The s p e c t r a l  s l i t  wid th  fo r  t he  mode l  98 monochromator,  which  depends  on 
t h e  p r i s m  material  a n d  t h e  p h y s i c a l  s l i t  wid th ,  has  been  computed  fo r  va r ious  
p r i sm materials by Gi l l e sp ie ,   Avr in ,   and  Ress ( r e f .   1 4 ) .   T h e i r   r e s u l t s ,  shown 
i n  f i g u r e  3, are  f o r  a CaF2 pr ism  and a l-mm p h y s i c a l  s l i t  w i d t h .   S p e c t r a l  
s l i t  w i d t h s  c o r r e s p o n d i n g  t o  p h y s i c a l  s l i t  w i d t h s  o t h e r  t h a n  1 mm are o b t a i n e d  
b y  n o t i n g  t h a t  t h e  s p e c t r a l  s l i t  w i d t h  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  p h y s i c a l  
s l i t  wid th .  
IR Detectors 
The i n f r a r e d  d e t e c t o r s ,  s u p p l i e d  by the  Phi lco-Ford  Corp.  as ser ies  ISC- 
301B, are o f  t h e  p h o t o v o l t a i c  t y p e ,  d e s i g n e d  f o r  o p e r a t i o n  a t  l i q u i d  n i t r o g e n  
t empera tu res .  The p h o t o s e n s i t i v e   e l e m e n t   c o n s i s t s   o f  a s i n g l e   c r y s t a l   o f   i n -  
dium a n t i m o n i d e  e x h i b i t i n g  a l o n g  w a v e l e n g t h  c u t o f f  n e a r  6 p and a s h o r t  wave- 
length   cu tof f   somewhat  less t h a n  1 p .  S i g n a l   r e s p o n s e   f o r   t h e s e   d e t e c t o r s  i s  
l i n e a r  up t o  1000 W / c m 2 ,  which i s  w e l l  b e y o n d  t h e  s i g n a l  l e v e l s  e n c o u n t e r e d  i n  
these  exper iments .  
The s e n s i t i v e  area o f  e a c h  d e t e c t o r ,  2 mm by 5 mm, restricts t h e  u s e f u l  s l i t  
h e i g h t  t o  s o m e t h i n g  l e s s  t h a n  5 mm b u t  d o e s  n o t  r e s t r i c t  s l i t  w i d t h s ,  s i n c e  t h e  
maximum a v a i l a b l e  w i d t h  i s  2 mm and  the  va lue  used  i s  always less  t h a n  t h i s  
maximum. S l i t  h e i g h t s  a r e  r e s t r i c t e d  a t  t h e   e n t r a n c e  of  the  monochromator by 
an   ad jus tab le   masking   a r rangement .  The image  of  the s l i t  i s  focused  on  the  sen-  
s i t i v e  area of  t h e  d e t e c t o r  by a p a r a b o l i c  m i r r o r ,  as shown i n  f i g u r e  2.  
The time response  of  the  gauges  as r ece ived  f rom the  manufac tu re r  w a s  
s l i g h t l y  g r e a t e r  t h a n  10  psec, t h u s  n e c e s s i t a t i n g  a p a r a l l e l  l o a d  r e s i s t a n c e  t o  
l o w e r   t h i s   v a l u e   t o  less than  1 u s e c .   B e c a u s e   o f   t h e   r e s u l t i n g   d e c r e a s e   i n  
s i g n a l  l e v e l  c a u s e d  by a d d i n g  t h i s  p a r a l l e l  l o a d  r e s i s t a n c e ,  i t  was n e c e s s a r y  
t o  u s e  a n  a m p l i f i e r  w i t h  a ga in  o f  100 b e f o r e  f e e d i n g  t h e  s i g n a l  i n t o  t h e  os- 
c i l l o s c o p e   p r e a m p l i f i e r .   T h e  rise time of t h e   a m p l i f i e r ,   i n c l u d i n g   t h e  pream- 
p l i f i e r  o f  t h e  r e c o r d i n g  o s c i l l o s c o p e ,  i s  much less than  1 psec (%lo0 n s e c ) .  
Hence ,   t he   ove ra l l  rise time o f  t h e  c i r c u i t  i s  l i m i t e d  by t h a t  o f  t h e  d e t e c t o r s ;  
and i n  b o t h  c a s e s ,  t h i s  i s  less than  1 psec. 
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Wave1  ength Cal i bration  for I R 
Wavelength cal ibrat ion of  the Perkin-Elmer monochromators  was accomplished 
by u s i n g  a combinat ion of  narrowband I R  f i l t e r s ,  a 50-!.I f i l m  o f  p o l y s t y r e n e ,  
and   t he   s t rong   abso rp t ion   band   o f  C 0 2  i n  the   a tmosphe re .   The   na r rowband   f i l t e r s  
were p a r t  of a s t a n d a r d  set s u p p l i e d  by Opt ics   Technology,   Inc .   F igure  4 shows 
t h e  c a l i b r a t i o n  c u r v e s  o b t a i n e d  f o r  e a c h  i n s t r u m e n t .  
Absolute  Intensity  Calibration  for I R  
The a b s o l u t e  i n t e n s i t y  c a l i b r a t i o n  was accomplished using a bench  se tup ,  
i d e n t i c a l  t o  t h a t  shown i n  f i g u r e  2 ,  w i t h  a b l ack -body  cav i ty  loca t ed  a t  t h e  
c e n t e r l i n e   o f   t h e   s i m u l a t e d   s h o c k   t u b e .   T h e   p o s i t i o n   o f   t h e   c e n t e r l i n e   c a n   b e  
l o c a t e d  q u i t e  c a r e f u l l y  b y  b a c k l i g h t i n g  t h e  e x i t  s l i t  of  the monochromator  with 
a s t r o n g  d i f f u s e  l i g h t  s o u r c e  a n d  t h e n  p l a c i n g  t h e  e x i t  o f  t h e  b l a c k - b o d y  c a v i -  
t y  a t  the  image  of   the  monochromator   entrance s l i t .  T h e   e n t r a n c e   o p t i c s  are 
c h o s e n  t o  g i v e  a one-to-one  magnif icat ion of t h e  e n t r a n c e  s l i t  (as  viewed  from 
t h e  c e n t e r l i n e  o f  t h e  s h o c k  t u b e ) .  
A s  a p r e c a u t i o n  a g a i n s t  p o s s i b l e  damage i n  s h i p m e n t ,  t h e  l i n e a r i t y  o f  t h e  
s l i t  opening was c h e c k e d  b e f o r e  t h e  c a l i b r a t i o n  tes ts  by measur ing  the  mono- 
chromator  output ,  a t  a f i x e d  w a v e l e n g t h ,  f o r  v a r i o u s  p h y s i c a l  s l i t  w i d t h s .  
S i n c e  t h e  o u t p u t  i n t e n s i t y  v a r i e s  as t h e  s q u a r e  o f  t h e  s l i t  wid th ,  a p l o t  o f  
s l i t  w i d t h  v s  t h e  s q u a r e  r o o t  o f  t h e  i n t e n s i t y  s h o u l d  d e f i n e  a s t r a i g h t  l i n e  
p a s s i n g   t h r o u g h   t h e   o r i g i n .  Any d e v i a t i o n   f r o m   t h i s   s t r a i g h t   l i n e   r e p r e s e n t s  
a n  i r r e g u l a r i t y  i n  t h e  s l i t  o p e n i n g .   F a i l u r e   t o   p a s s   t h r o u g h   t h e   o r i g i n   r e p r e -  
s e n t s  a n  e r r o r  i n  t h e  z e r o  s e t t i n g  o f  t h e  s l i t  w i d t h  d i a l .  
This   check was pe r fo rmed  fo r  each  in s t rumen t ,  and  in  bo th  cases ,  t he  
s t r a i g h t  l i n e  d e f i n e d  by t h e  d a t a  p o i n t s  p a s s e d  t h r o u g h  t h e  o r i g i n  o f  t h e  p l o t  
w e l l  w i t h i n  e x p e r i m e n t a l  e r r o r  l i m i t a t i o n s .  
The  black-body  source  used was o p e r a t e d  a t  a temperature of 1000 2 2 O C  w i t h  
a chopper   f requency  of  700 cps .   Be fo re   each   run ,   t he   cav i ty  w a s  a l lowed 90 
m i n u t e s  t o  s t a b i l i z e ,  a n d  a l l  t e s t s  f o r  a g iven  in s t rumen t  were accomplished 
w i t h o u t :  i n t e r r u p t i o n .  
Data po in t s   fo r   t he   cu rves   o f  Ec (x i )   v s  X were t a k e n   w i t h  x co r re -  i 
s p o n d i n g   t o   t h e   c e n t e r l i n e   l o c a t i o n   a n d  a 0.500-mm s l i t  w i d t h .   T y p i c a l  r e s u l t s  
( f i g .   5 )  show two s t r o n g   a b s o r p t i o n   l i n e s   w i t h   c e n t e r s  a t  2.75  and 4 .26  P .  The 
l i n e  a t  2.75 p r e p r e s e n t s  a b s o r p t i o n  f o r  a combination of water vapor and CO, 
i n  t h e  room atmosphere.  The l i n e  a t  4 .26  p i s  due   on ly   t o  CO2 a b s o r p t i o n .  
F i g u r e  6 s h o w s   t h e   r e s u l t s   o f  Ec (xi) i v s  x a t  f i x e d  X .  These   da t a  are 
taken  under  the  same c o n d i t i o n s  as were t h e  p r e v i o u s  d a t a ,  w i t h  t h e  b l a c k  body 
b e i n g  t r a n s l a t e d  a l o n g  t h e  o p t i c a l  p a t h  v i a  a movable  suppor t  s tand .  
The  v i ew fac to r s  fo r  t he  two instruments ,   computed by the  method descr ibed  
b e f o r e ,  are 0 .1015  and   0 .1035,   respec t ive ly .  The d i f f e r e n c e   h e r e  i s  less than  
2% and   an   ave rage   va lue   o f  0.1025 w i l l  be   used   in   the   computa t ion   of  . G A  
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A f i n a l  c h e c k  o n  t h e  a c c u r a c y  o f  t h e  e n t i r e  c a l i b r a t i o n  p r o c e d u r e  e n t a i l s  
a n  o b s e r v a t i o n  o f  t h e  same e x p e r i m e n t a l  event wi th  each  in s t rumen t  and  a com- 
p a r i s o n  o f  t h e   r e s u l t i n g  values of  G X  as measu red   by   d i f f e ren t   i n s t rumen t s .  
This  check has  been performed a t  t h r e e  d i f f e r e n t  w a v e l e n g t h s  a n d  f o r  two d i f -  
f e r e n t  s h o c k  v e l o c i t i e s .  I n  a l l  cases, the   agreement  was w i t h i n  2%,  which i s  
q u i t e  s a t i s f a c t o r y .  
Monochromators for the  Visible Survey 
The r ad ia t ion   be tween  2700 and 8500 was monitored by  one  Perkin-Elmer 
model 98  CaF2 prism monochromator and one Gaertner model L 234-150 q u a r t z  p r i s m  
monochromator .   The  Gaertner   instrument ,   wi th   an RCA i P 2 8  p h o t o m u l t i p l i e r ,  was 
used  for  the  lower  wavelengths  be tween 2700 and 5500 A ,  w h i l e  t h e  Perkin-Elme: 
i n s t r u m e n t ,  w i t h  a n  RCA 7265 p h o t o m u l t i p l i e r ,  was used  between 5500 and 8500 A. 
The Li t t row mir ror  of  the  Perk in-Elmer  ins t rument  was r e a d j u s t e d  t o  a l l o w  drum 
s e t t i n g s  t o  b e  made i n  t h e  v i s i b l e  r a n g e ,  and a new w a v e l e n g t h  c a l i b r a t i o n  was 
made us ing  a s e t  o f  n a r r o w b a n d  v i s i b l e  f i l t e r s .  Drum numbers   recorded   wi th   the  
L i t t r o w   m i r r o r   r e a d j u s t e d  are  shown i n  f i g u r e  4.  The G a e r t n e r   i n s t r u m e n t   h a s  a 
w a v e l e n g t h  c a l i b r a t e d  drum and i t  too  was checked  for  accuracy  wi th  nar rowband 
v i s i b l e  v i l t e r s .  
The a b s o l u t e  i n t e n s i t y  c a l i b r a t i o n  was accomplished as d e s c r i b e d  f o r  t h e  
I R  i n s t r u m e n t s ,  e x c e p t  t h a t  a t u n g s t e n  f i l a m e n t  lamp was used as a s t a n d a r d .  
T h i s  lamp w a s  compared with a pr imary  s tandard  f rom the  Nat iona l  Bureau  of  
S tanda rds  . 
The  en t r ance  op t i c s  u sed  were i d e n t i c a l  w i t h  t h o s e  d e s c r i b e d  p r e v i o u s l y  a n d  
t h e  l i n e a r i t y  o f  t h e  s l i t  opening was a g a i n  v a r i f i e d .  V i e w  f a c t o r s  as computed 
f rom these  two c a l i b r a t i o n s  were i n  good agreement  with the quoted value of  
0.1025, and a comparison  check  of   the two i n s t r u m e n t s  l o o k i n g  a t  t h e  same shock 
f r o n t  showed  good  agreement. 
SPECTRAL  RADIATION  RESULTS 
Infrared Spectral Survey 
Each  of t h e  d i f f e r e n t  g a s  m i x t u r e s  (100% C02, 80% C 0 2  - 20% A ,  and 99% C02 - 
1% N2) was s u r v e y e d  f o r  p o s s i b l e  s o u r c e s  o f  g a s  r a d i a t i o n  i n  t h e  w a v e l e n g t h  re- 
gion  between 1.00 and 5.00 u. The wave leng th   s t ep  was 0.100 u, and  the  spec- 
t r a l  s l i t  wid th  was approximately 0 . 1  u .  
The f i r s t  t h r e e  s u r v e y s  were made w i t h  s h o c k  v e l o c i t i e s  b e t w e e n  15 000 and 
1 6  000 f p s  i n t o  1 . 0  mm Hg of t e s t  gas .  A f o u r t h  s u r v e y  was made us ing  100% 
C 0 2  as tes t  gas  and  an  average  shock  ve loc i ty  of  12   640  f p s  i n t o  a t e s t  gas  
w i t h  a n  i n i t i a l  p r e s s u r e  o f  2 .0  mm Hg. A t y p i c a l  o s c i l l o g r a p h  r e c o r d  f o r  o n e  
s h o t  i s  shown i n  f i g u r e  7 ( d ) ,  w h e r e  b o t h  traces r e c o r d e d  t h e  same e v e n t  a t  d i f -  
f e r e n t   g a i n   s e t t i n g s .   T h i s   r e c o r d   c o r r e s p o n d s   t o   a n   e q u i l i b r i u m   r a d i a t i o n  
Level  of 0.227 W / c m J - p - s r  a t  a wavelength of  4 .26  ? 0.10 p .  Test c o n d i t i o n s  
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f o r  t h i s  s h o t  are a s h o c k  v e l o c i t y  o f  12 864 f p s  i n t o  2 . 0  mm Hg of C 0 2  t e s t  gas .  
The record shows a c l e a r  s h a r p  rise i n  r a d i a t i o n  l e v e l  a t  t h e  s h o c k  f r o n t  w i t h  
no  nonequ i l ib r ium ove r shoo t .  
The r e m a i n i n g  e q u i l i b r i u m  r a d i a t i o n  r e s u l t s  o f  t h e  s p e c t r a l  s u r v e y  c o r r e -  
s p o n d i n g  t o  s h o c k  v e l o c i t i e s  n e a r  1 2  6 4 0  f p s  i n t o  2.0 mm Hg of 100% C 0 2  test 
gas  are shown i n  f i g u r e  8 .  A s  i s  shown c l e a r l y  i n  t h i s  f i g u r e ,  t h e r e  are two 
r e g i o n s  i n  w h i c h  s i g n i f i c a n t  r a d i a t o r s  a p p e a r .  The f i r s t  p e a k  o c c u r s  n e a r  2 .70  
1.1 and   co r re sponds   t o   t he   so -ca l l ed  2.7-IJ bands .   Accord ing   to  Goody ( r e f .   1 5 ) ,  
t hese  bands  are not  fundamenta l  C O 2  bands but  do a p p e a r  v e r y  s t r o n g l y  i n  t h e  
s o l a r  s p e c t r u m  a n d  c o n s i s t  o f  a t  l eas t  four  combinat ion bands of  C120:6 and  one 
of C 1  3 0 p  i n  t h e  s p e c t r a l  r e g i o n  3613  - 3723  cm-l. The s e c o n d  s i g n i f i c a n t  ra- 
d i a t ion  band  occur s  be tween  4 .2  and 5 . 0  p and cons is t s  of  the  fundamenta l  ro ta -  
t i o n - v i b r a t i o n  b a n d  a t  4 . 3  1-1 and the  two groups of  5 .0-p bands indicated by 
Goody. It  i s  i n t e r e s t i n g   t o   n o t e   t h a t   t h e  2.0-~, 1 . 6 - ~ ,  and 1.4-u b a n d s   l i s t e d  
by Goody as much weaker  bands do not  appear  as s i g n i f i c a n t  r a d i a t o r s .  
T h e  n o n e q u i l i b r i u m  r a d i a t i o n  o b s e r v e d  i n  t h i s  p a r t i c u l a r  s u r v e y  i s  shown i n  
f r g u r e  9 ,  w h e r e   t h e   r a t i o  of p e a k   n o n e q u i l i b r i u m   s p e c t r a l   i n t e n s i t y ,  GA , d i -  
v ided  by e q u i l i b r i u m  s p e c t r a l  i n t e n s i t y  i s  shown f o r   v a r i o u s   w a v e l e n g t h s .  A 
t y p i c a l  n o n e q u i l i b r i u m  o v e r s h o o t  i s  shown i n  t h e  o s c i l l o g r a m  i n  f i g u r e  7 ( a ) .  
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A s  f i g u r e  9 shows,   nonequi l ibr ium  overshoot   occurs  a t  approximately 3.0 LI, 
and  then  again  between  4 .75  and  5 .00 p .  I n  b o t h  s p e c t r a l  r e g i o n s  w h e r e  n o n -  
e q u i l i b r i u m  r a d i a t i o n  o c c u r s ,  t h e  l e v e l  o f  e q u i l i b r i u m  r a d i a t i o n  i s  much lower 
t h a n  t h e  h i g h e s t  r e c o r d e d  v a l u e s .  
The r e s u l t s  o f  t h e  e q u i l i b r i u m  r a d i a t i o n  l e v e l s  f o r  t h e  t h r e e  h i g h e r  v e l o c i -  
t y  r u n s   i n   d i f f e r e n t   g a s   m i x t u r e s  are shown i n   f i g u r e s  9 ,  10,  and 11. F i g u r e  9 
s h o w s  t h e  e q u i l i b r i u m  r a d i a t i o n  l e v e l s  b e h i n d  i n c i d e n t  s h o c k s  w i t h  a v e r a g e  v e -  
l o c i t i e s  of 15  2 6 8   f p s   i n t o  1 . 0  mm Hg of C O 2 .  The g e n e r a l  r e s u l t s  are  t h e  same 
as d e s c r i b e d  f o r  t h e  s l o w e r  s h o c k  i n t o  2 . 0  mm Hg C O 2 ;  t h e r e  are two g e n e r a l  
a r e a s  of s i g n i f i c a n t  r a d i a t i o n ,  c o r r e s p o n d i n g  t o  t h e  2 . 7 - u  bands  and a combina- 
t i o n   o f   t h e  4 . 3 -  and  5.0-LI  bands. A f i n e r   r e s o l u t i o n   n e a r   4 . 5  LI shows a d i p  i n  
t h e  p e a k  t h a t  d i d  n o t  a p p e a r  i n  t h e  p r e v i o u s  c a s e  when t h e  r e s o l u t i o n  was n o t  
as good .   The   peak   equ i l ib r ium  r ad ia t ion   l eve l s   he re   a r e  somewhat less than 
t h o s e  c o r r e s p o n d i n g  t o  a s lower  shock  speed ,  bu t  t h i s  i s  to   be   expec ted   because  
o f  t h e  d e c r e a s e  i n  test g a s  d e n s i t y  b e h i n d  t h e  s h o c k  f r o n t .  
F i g u r e  11 shows t h e  e f f e c t  of  adding 1% N 2  t o   t h e   g a s   m i x t u r e .  The  most 
n o t i c e a b l e  i n f l u e n c e  i s  the  d i sappea rance  of t h e  e q u i l i b r i u m  r a d i a t i o n  n e a r  
2 .70 p .  A n o t h e r   n o t i c e a b l e   e f f e c t  i s  t h e   d e c r e a s e   i n   r a d i a n t   i n t e n s i t y   b e t w e e n  
4.70 and 5.00 1-1. I n t r o d u c t i o n   o f   t h e  1% N2 t o   a n   o t h e r w i s e   p u r e  C02 test gas  
d o e s  n o t  i n f l u e n c e  t h e  r a d i a n t  i n t e n s i t y  o f  t h e  f u n d a m e n t a l  4.3-p r o t a t i o n - v i -  
b r a t i o n  b a n d .  
T h e   e f f e c t   o f   a d d i n g  20% A t o  t h e  C02 i s  shown i n  f i g u r e  1 2 .  I t  i s  c l e a r  
t h a t  t h e  e n t i r e  I R  r a d i a n t   i n t e n s i t y   h a s   b e e n   r e d u c e d .   A g a i n ,   t h e   r a d i a t i o n  
from  the 2.7-p band  has   been   a lmost   comple te ly   ex t inguished ,   and   tha t   appear ing  
between 4.2 and 5.0 p has  been reduced by a fac tor  of  two.  
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I n  f i g u r e  13, t h e  n o n e q u i l i b r i u m  r a d i a t i o n  o b s e r v e d  f o r  t h e s e  t h r e e  s u r v e y s  
i s  p l o t t e d  as a r a t i o   o f  G A  t o  G A  . Figure   13 (a )   shows   t he   peak   ove r shoo t  
f o r  a 100% C 0 2  tes t  g a s ;  when compared t o  f i g u r e  9 ,  which  shows  the same re- 
s u l t s  f o r  a s lower  i n i t i a l  s h o c k  v e l o c i t y ,  i t  i s  clear t h a t  t h e r e  i s  no essen- 
t i a l  d i f f e r e n c e  i n  t h e  n o n e q u i l i b r i u m  c h a r a c t e r i s t i c s  o f  t h e  r a d i a t i o n ,  a t  least  
f o r  t h e s e  two v e l o c i t i e s .  T h a t  i s ,  the n o n e q u i l i b r i u m  r a d i a t i o n  that  does  oc- 
c u r  a p p e a r s  i n  a s p e c t r a l  r a n g e  w h e r e  t h e  t o t a l  e q u i l i b r i u m  r a d i a t i o n  i s  al-  
r eady   l ow  compared   t o   t he   peak   equ i l ib r ium  va lues .   The   l a rges t   peak   ove r shoo t  
o c c u r s  a t  3.20 u and i s  somewhat less than  a f a c t o r  o f  two times t h e  e q u i l i b r i -  
um r a d i a t i o n .  A s  shown i n  f i g u r e  1 0 ,  t h e  e q u i l i b r i u m  r a d i a t i o n  a t  3 . 2  1-1 i s  
much less than   the   peak   va lue ,   which   occurs  near 4 . 4  1-1. Here a g a i n ,  i t  shou ld  
be  po in ted  ou t  t ha t  t he  4 .3 -LI  fundamen ta l  ro t a t ion -v ib ra t ion  band  o f  CO, does 
n o t  show a nonequ i l ib r ium ove r shoo t  fo r  any  o f  t he  th ree  gas  mix tu res  unde r  
t h e s e  test c o n d i t i o n s .  
P e 
P e a k  n o n e q u i l i b r i u m  o v e r s h o o t s  f o r  t h e  99% C02 - 1% N2 m i x t u r e  are shown i n  
f i g u r e   1 3 ( b ) .   T h i s   m i x t u r e   d o e s  show  more ove r shoo t   t han   t he   pu re  CO, m i x t u r e ,  
b u t  a g a i n ,  i t  a l w a y s  o c c u r s  w h e r e  t h e  l e v e l  o f  e q u i l i b r i u m  r a d i a t i o n  is much 
less than   the   recorded  maximum va lues .   F ig l l r e   13 (c )   shows   t he   nonequ i l ib r ium 
r a d i a t i o n  u s i n g  t h e  8 0 %  C02 - 20% A m i x t u r e ;  n o t e  t h a t  t h e  a d d i t i o n  o f  a r g o n  t o  
t h e  t e s t  gas  mixture  does  not  have  a s i g n i f i c a n t  i n f l u e n c e .  
V i s i b l e  Spect ra l  Survey 
A c o m p l e t e  s p e c t r a l  s u r v e y  was o b t a i n e d  i n  t h e  v i s i b l e  p o r t i o n  o f  t h e  s p e c -  
trum  (2750 t o  8500 1) f o r  e a c h  o f  t h e  t h r e e  d i f f e r e n t  g a s  m i x t u r e s  u s i n g  i n i -  
t i a l  a v e r a g e   s h o c k   v e l o c i t i e s   n e a r  1 4  6 0 0   f p s .   T y p i c a l   o s c i l l o g r a p h   r e c o r d s  
o b t a i n e d   i n   t h e s e   s u r v e y s  a re  shown i n  r e c o r d s  A ,  B,  and C o f   f i g u r e  7 .  Each 
of t h e s e  d i f f e r e n t  r e c o r d s  was o b t a i n e d  l o o k i n g  a t  a s i n g l e  e v e n t  w i t h  d i f f e r e n t  
g a i n  s e t t i n g s  f o r  t h e  o s c i l l o s c o p e  a m p l i f i e r s .  
Record   7(a)   shows  the   l a rge   nonequi l ibr ium  overshoot   behind  a 15  030-fps 
i n i t i t 1  s h o c k  i n t o  1 mm Hg of  99% CO, - 1% N2. The  monfchromator was set a t  
2750 A f o r  t h i s  s h o t  and   t he   spec t r a l   bandpass  was 150 A .  The upper trace of 
t h i s  r eco rd  cou ld  no t  be  used  because  i t  goes  o f f  s ca l e ,  bu t  t he  lower  trace 
does show a s t r o n g  n o n e q u i l i b r i u m  o v e r s h o o t ,  f o l l o w e d  by a s t e a d y  e q u i l i b r i u m  
va lue ,  which  occurs  some 2 u s e c  a f t e r  s h o c k  a r r i v a l .  
The t r a c e s  shown i n  f i g u r e s  7 ( b )  a n d  7 ( c )  are t y p i c a l  o f  t h e  r e s u l t s  ob- 
t a i n e d   f o r   t h e   v i s i b l e   s u r v e y s   i n   m i x t u r e s   o f   8 0 %  C02 and 20% A .  In   a lmos t  a l l  
of t h e  v i s i b l e  r e c o r d s  f o r  t h i s  m i x t u r e ,  t h i s  t y p e  o f  d o u b l e  o v e r s h o o t  was ob- 
s e r v e d ;   a n d   i n  some c a s e s   [ f i g .   7 ( b ) ] ,   t h e   s e c o n d   o v e r s h o o t  was a c t u a l l y  g r e a t e r  
t h a n   t h e   f i r s t .  The f i r s t   o v e r s h o o t   o b s e r v e d   c o r r e s p o n d s   t o   s h o c k   a r r i v a l  a t  
the  v iewing  por t s  and  the  second overshoot ,  which  occurs  approximate ly  5 psec  
a f t e r  s h o c k  a r r i v a l ,  i s  most   probably a r e s u l t  o f  t h e  d e l a y e d  e x c i t a t i o n  o f  t h e  
argon  atoms i n   t h e   g a s   m i x t u r e .   T h i s   t y p e   o f   d e l a y e d   r a d i a t i v e  phenomenon,  us- 
i n g  p u r e  a r g o n  as t h e  tes t  g a s  u n d e r  a l m o s t  i d e n t i c a l  c o n d i t i o n s ,  h a s  b e e n  
observed by Wong a n d  B e r s h a d e r  ( r e f .  1 6 ) ,  w h o s e  r e s u l t s  c o r r e l a t e  v e r y  c l o s e l y  
w i t h   t h e   d e l a y  time observed   here .  Wong a n d   B e r s h a d e r   p o i n t   o u t   t h a t   t h e   d e l a y  
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i s  e s s e n t i a l l y  t h e  t i m e  r e q u i r e d  t o  p r c d u c e  a small number  of e l e c t r o n s ,  f o l -  
lowed by a c a s c a d i n g  e f f e c t  i n  w h i c h  much h i g h e r  d e g r e e s  o f  i o n i z a t i o n  o f  a r g o n  
o c c u r ,  a n d  t h a t  t h i s  c o r r e s p o n d s  t o  a s t r o n g l y  r a d i a t i n g  f l o w .  
To d e t e r m i n e  w h e t h e r  t h i s  s e c o n d  r a d i a t i n g  f r o n t  w i l l  c o n t r i b u t e  t o  t h e  
t o t a l  r a d i a t i v e  h e a t  l o a d  o f  an ent ry  body,  one  needs  to  know the  shock  s tand-  
o f f  d i s t a n c e  t o  d e t e r m i n e  i f  t h e r e  i s  s u f f i c i e n t  time f o r  t h e  phenomenon t o  oc- 
c u r .   I f   t h e   s h o c k   s t a n d o f f   d i s t a n c e  i s  s u f f i c i e n t l y  l a r g e ,  t h e  p r e s e n c e  o f  
argon i n  t h e  g a s  m i x t u r e  w i l l  g i v e  rise t o  a l a r g e  number  of f r e e  e l e c t r o n s ,  
wh ich  cou ld  be  o f  poss ib l e  s ign i f i cance  to  the  communica t ion  p rob lem.  
T h e  e q u i l i b r i u m  r a d i a t i o n  r e s u l t s  f o r  t h e  v i s i b l e  s u r v e y s  of  t h e  d i f f e r e n t  
gas   mix tu res  are shown i n  f i g u r e s  1 4 ,  15, and   16 .   The   gas   behind   the   inc ident  
s h o c k  f o r  t h e s e  c o n d i t i o n s  i s  n e a r  4000°K, and a l l  t h e  e q u i l i b r i u m  d a t a  p o i n t s  
l i e  below 1% of  the  b l ack -body  in t ens i ty ,  wh ich  ind ica t e s  t ha t  s e l f - abso rp t ion  
o f  t h e  g a s  is  n e g l i g i b l e .  
F i g u r e  1 4  shows t h e  e q u i l i b r i u m  s p e c t r a l  r a d i a n t  i n t e n s i t y  f o r  a v e r a g e  
s h o c k   v e l o c i t i e s   o f   1 4   6 4 8   f p s   i n t o  a 1 . 0  mm Hg 100% C 0 2  t e s t  gas .   The   rad ia-  
t ion  be tween 2750 and  2z50 8, is  p robab ly  due  to  the  two v e r y  s t r o n g ,  p e r s i s t e n t  
bands a t  2883  and  2896 A t h a t  r e s u l t  f r o m  t h e  i o n i z a t i o n  o f  CO2 t o  COZ, a c c t r d -  
i n g  t o  Pearse and Gaydon ( r e f .   1 7 ) .  The s t r o n g  r a d i a t i o n  a t  3100 and  3300 A i s  
t h e  c o n t r i b u t i o n  f r o m  t h e  many i i n e s  i n  t h e  s p e c t r a  0: p u r e  CO,, which Pearse 
and Gaydon  show,  and t h e  r e d u c e d  i n t e n s i t y  n e a r  3200 A c o r r e s p o n d s  t o  a rela- 
t i v e l x  d a r k  area i n  t h e  C 0 2  s p e c t r a .  The   lower   in tens i ty   bands   near  3900  and 
4300 A are p robab ly  the  CO+ comet t a i l  Bands  mentioned  by  Pearse  and  Gaydon. 
The f i n a l  s i g n i f i c a n t  p o i n t s  n $ a r  5000 A c o r r e s p o n d  t o  t h e  C 2  Swan band system, 
which has a band head a t  5165 A .  
F i g u r e   1 5   s h o w s   t h e   r e s u l t s   o f   a d d i n g  1% N 2  t o   t h e  t e s t  gas   mix tu re .  I t  i s  
c l e a r  t h a t  s u c h  a small amount  of N 2  i s  n o t  a d e q u a t e  t o  s i g n i f i c a n t l y  c h a n g e  
t h e  a p p e a r a n c e  o f  t h e  s p e c t r a l  r a d i a t i o n .  
The resu l t s  f o r  a n  80% CO - 20% A t es t  gas  mixture  are shown i n  f i g u r e  16 .  
A s  ment ioned  p rev ious ly ,  t he  doub le  ove r shoo t  o f  nonequ i l ib r ium rad ia t ion  ap -  
pears i n   a l m o s t  a l l  s h o t s   o f   t h i s   t y p e .  The e q u i l i b r i u m   r a d i a t i o n   l e v e l s  were 
taken as those   va lues   behind   the   second  peak .  A s  shown i n  f i g u r e  7 ( b ) ,  t h e  ap- 
p a r e n t  e q u i l i b r i u m  v a l u e  r e c o r d e d  a f t e r  t h e  f i r s t  o v e r s h o o t  i s  somewhat  lower 
t h a n   t h e   f i n a l   e q u i l i b r i u m   v a l u e   b e h i n d   t h e   s e c o n d   o v e r s h o o t .   T h i s   t y p e   o f  ap- 
p r o a c h  t o  e q u i l i b r i u m  i s  c o n s i s t e n t  w i t h  t h e  d i s c u s s i o n  g i v e n  by Wong and 
Ber shade r   ( r e f .  1 6 ) .  A s  t h e y   p o i n t   o u t ,   t h e   a r g o n   p l a s m a   a c t u a l l y   r e a c h e s  
e q u i l i b r i u m  a f t e r  t h e  f r e e  b o u n d  r a d i a t i o n  f o l l o w i n g  t h e  c a s c a d i n g  e f f e c t  i n  
t h e  p r o d u c t i o n  o f  f r e e  e l e c t r o n s .  
The r a t i o  o f  p e a k  n o n e q u i l i b r i u m  t o  e q u i l i b r i u m  v i s i b l e  r a d i a t i o n  f o r  t h e  
t h r e e   g a s   m i x t u r e s  i s  shown i n  f i g u r e  1 7 .  N o t e  t h a t  t h e  r a t i o  i s  g e n e r a l l y  
less than  two.  Both the   100% C 0 2  mix tu re   and   t he  80% C 0 2  - 20% A m i x t u r e  show 
an  ove r shoo t  a t  0.30 p ( w h e r e  t h e  p e a k  r a d i a t i v e  i n t e n s i t y  o c c u r s ) ,  b u t  t h e  99% 
C 0 2  - 1% N 2  m i x t u r e  d o e s  n o t  h a v e  a n  o v e r s h o o t  i n  t h i s  s p e c t r a l  r e g i o n .  
I ". . .  
V a r i a t i o n  of  G w i t h  I n i t i a l  Pressure 
x€? 
A l i m i t e d  number of experiments  have been conducted t o  d e t e r m i n e  t h e  varia- 
t i o n  of e q u i l i b r i u m   r a d i a n t  i n t e n s i t y  wi th   dens i ty .   These  gests were conducted 
a t  a c o n s t a n t  i n i t i a l  shock v e l o c i t y  of 1 3  607 f p s  at 3425 A i n  a tes t  gas mix- 
t u r e  of 99% C02 and 1% N2. The results (fig. 18) show t h a t  GA i n c r e a s e s  
wi th   i nc reas ing   dens i ty   beh ind   t he   no rma l   shock   f ron t .   Th i s   t r end  i s  i n  accord 
w i t h  t h e  t h e o r y ,  w h i c h  h o l d s  t h a t  t h e  s p e c t r a l  r a d i a n c e  f o r  a t r a n s p a r e n t  g a s  
i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  number d e n s i t y .  
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CONCLUSIONS 
The s p e c t r a l  r a d i a t i v e  i n t e n s i t y  h a s  b e e n  m e a s u r e d  u n d e r  v a r i o u s  t es t  con- 
d i t i o n s  f o r  t h r e e  d i f f e r e n t  c a n d i d a t e  Mars a tmospheres  over  the  wavelength  
range  f rom  0.275  to   5 .0  IJ. The I R  p o r t i o n  o f  t h e  s p e c t r a l  r a d i a t i o n  f o r  a l l  
t h ree  gas  mix tu res  t e s t ed  shows  a peak i n  i n t e n s i t y  b e t w e e n  4 . 3  and  5.0 IJ cor- 
r e spond ing  to  the  fundamen ta l  ro t a t ion -v ib ra t ion  band  o f  CO2 and  the  5.0-IJ 
bands  of CO,. The 100% CO2 t e s t  gas   a l so   shows a s t r o n g   b a n d   r a d i a t i o n  a t  2 . 7  
IJ. T h i s  s t r o n g  p e a k  i s  g r e a t l y  r e d u c e d  when e i t h e r  n i t r o g e n  o r  a r g o n  i s  added 
t o  t h e  tes t  g a s   m i x t u r e .   T h e   n o n e q u i l i b r i u m   r a d i a t i o n   t h a t   a p p e a r s   i n   t h e  I R  
a l w a y s  o c c u r s  i n  t h o s e  s p e c t r a l  r e g i o n s  f o r  w h i c h  t h e  e q u i l i b r i u m  levels are 
lowes t .  It  i s  e s p e c i a l l y   i n t e r e s t i n g   t o   n o t e   t h a t   n o   n o n e q u i l i b r i u m   r a d i a t i o n  
was a s s o c i a t e d  w i t h  t h e  f u n d a m e n t a l  4.3-IJ band of CO2 i n  e i t h e r  o f  t h e  t e s t  gas  
m i x t u r e s .  
One v e r y  i n t e r e s t i n g  f e a t u r e  o f  t h e  v i s i b l e  r a d i a t i o n  s p e c t r u m  i s  the  double  
nonequi l ibr ium overshoot ,  which  i s  c h a r a c t e r i s t i c  of t h e  tes t  gas  mix tu re  con- 
t a i n i n g   a r g o n .   T h i s  phenomenon has   been   obse rved   i n   p rev ious   expe r imen t s   dea l -  
i n g  w i t h  a r g o n  p la smas  and i s  a v e r y  l i k e l y  s o u r c e  o f  a s i g n i f i c a n t  number  of 
f r e e   e l e c t r o n s  . 
I n  g e n e r a l ,  t h e  n o n e q u i l i b r i u m  r a d i a t i o n  f r o m  ' t h e s e  g a s  m i x t u r e s  b e h i n d  
shock  waves  wi th  ve loc i t i e s  up t o  1 6  000 f p s  i s  much less t h a n  t h a t  o b s e r v e d  i n  
mix tu res   con ta in ing   l a rge r   amoun t s   o f   n i t rogen .  Maximum observed   nonequi l ibr ium 
o v e r s h o o t s  o c c u r  i n  t h e  v i s i b l e  p o r t i o n  o f  t h e  s p e c t r u m  a n d  are g e n e r a l l y  n o  
l a r g e r  t h a n  two times t h e   e q u i l i b r i u m   v a l u e .   T h e   m a j o r   p o r t i o n   o f   b o t h   t h e  I R  
and t h e  v i s i b l e  s p e c t r u m s  h a v e  n o n e q u i l i b r i u m  o v e r s h o o t s  less t h a n  1 . 5  times 
t h e  e q u i l i b r i u m  v a l u e s .  
Mar t in  Marietta Corpora t ion ,  
Denver,   Colorado, J u l y  2 2 ,  1970 
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F igu re  5.- Ec(Xi) vs  Wavelength 
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Total  area = 893.0 cm-mV 
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Figure 6 . -  Ec(  Xi) v s  X i  a t  X = 2.50 p 
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(a) 99% C02 - 1% N, PI = 1 mm,Hg, (b)  80% C02 - 20% A, PI = 1 mm Hg, 
V s  = 15 030 fps, 1 = 2750 A V s  = 14 151 fps, X = 7100 A 
(C) 80% CO;! - 20% A, P I  = 1 Hg, (d) 100% CO,, P1 = 2  TI Hg, 
V s  = 14 368 fps, X = 6200 8, V s  = 12  864 fps, X = 4.26 
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Figure 8.- Equilibrium Radiation Behind the  Inc ident  Shock f o r  100% C02 
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Figure 9.- Ratio  of  Nonequilibrium to Equilibrium  Radiation  Behind 
Incident  Shock  for 100% C02 
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F i g u r e  11.- E q u i l i b r i u m  R a d i a t i o n  B e h i n d  t h e  I n c i d e n t  Shock for 
99% C02 - 1% N2 
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Figure 12.- Equilibrium Radiation Behind the Incident Shock for 
80% CO2 20% A 
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( a )  100% C02, V s  = 15  268 ? 511 f p s ,  PI = 1.00 mrn Hg 
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( b )  99% C02 - 1% N z ,  Vs = 15 036 2 381 f D s ,  P, = 1.00 mm Hg 
t 
I I I I I I I I I 
0 1.00 2.00 3.00 4.00 5.00 
Wave1 ength,  LI 
( c )  80% CO, - 20% A ,  V s  = 15  623 2 561 f p s ,  PI = 1.00 mm Hq 
F i g u r e  13.- R a t i o  o f  N o n e q u i l i b r i u m  t o  E q u i l i b r i u m  R a d i a t i o n  f o r  
D i f f e r e n t  T e s t  Gas M i x t u r e s  
PI = 1.00 mm Hg 
H S p e c t r a l   s l i t   w i d t h  
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Figure 14.- Equilibrium Radiation Behind  an Inc ident  Shock i n  100% C02 
30 




= 14 459 k 272 f p s  - 
P I  = 1.00 mm Hg 
H SDectral s l i t  width- 
Wave1 ength,  !.I 
.6 .7 
Figure 15.- Equilibrium  Radiation  Behind an Inc ident  Shock i n  99% C 0 2  - 1% N2 
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Figure 16.- Equilibrium  Radiation  Behind  an  Incident  Shock  in 80% C’O, - 20% A 
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Figure 17.- Ratio of Nonequilibrium  to  Equilibrium  Radiation for Different 
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